Background: hGH is an orthotopically expressed oncoprotein associated with mammary epithelial cell tumorigenesis. Results: The miR-96-182-183 cluster is regulated by autocrine/paracrine hGH and targets BRMS1L and GHR. Conclusion: Autocrine/paracrine hGH promotes breast cancer epithelial-mesenchymal transition and invasion via stimulating the miRNA-96-182-183 cluster. Significance: Autocrine/paracrine hGH and the miR-96-182-183 cluster might be exploited as a therapy or prognostic marker for breast cancer.
Growth hormone (GH) 5 is a protein hormone secreted primarily from the anterior pituitary and plays critical roles in mammary gland development at puberty (1) . GH is required for mammary gland development, with functions in both the mammary epithelial and stromal compartments, resulting in both ductal elongation and the differentiation of the ductal epithelium into terminal end buds (2, 3) . Accumulated studies have demonstrated that autocrine/paracrine hGH is an orthotopically expressed oncoprotein and promotes human mammary epithelial cell oncogenic transformation through several mechanisms by increasing proliferation and survival of immortalized human mammary epithelial cells (4) and enhancing telomerase activity through stabilization of the hTERT mRNA (5) . We have further reported that autocrine hGH also promotes epithelial-mesenchymal transition (EMT) in epithelioid breast cancer cells, resulting in an invasive phenotype with increased MMP activity through repression of plakoglobin expression and relocalization of E-cadherin to the cytoplasm (6) . However, the detailed mechanism of how hGH regulates EMT and invasion remain obscure.
As small endogenous non-coding RNAs consisting of 21-24 nucleotides, microRNAs (miRNAs) specifically recognize complementary target sequences on the cognate mRNAs and repress gene expression post-transcriptionally by triggering mRNA degradation or translational repression (7) . Although highly conserved among different species, miRNAs appear to be highly regulated by developmental stage and tissue specificity and function as context-specific regulators (8) . Recent studies have found that miRNAs are widely expressed in the normal pubertal mammary gland and orchestrate mammary gland development by regulating cell proliferation, apoptosis, differentiation, and metabolism (9) . Further, deregulation of miRNA expression may result in oncogenic transformation and mammary tumor formation (10) . Although elevated autocrine hGH levels have been documented to contribute to breast cancer progression (11) , whether hGH should influence the expression pattern and the functional roles of miRNAs in this context remains unknown.
In this study, we performed miRNA expression profiling and identified miR-96-182-183 as a prominent autocrine hGH-regulated miRNA cluster in a breast cancer cell model. We observed that the miR-96-182-183 cluster facilitates EMT and invasion of breast cancer cells through directly targeting BRMS1L. In addition, we demonstrated that autocrine hGH stimulates the expression of the miR-96-182-183 cluster via STAT3/STAT5-binding elements in the promoter region of miR-96-182-183. Collectively, we herein report that autocrine hGH elicited a novel signaling feedback loop centered around the miR-96-182-183 cluster to regulate EMT and invasion in breast cancer.
Experimental Procedures
Cell Lines and Cell Culture-All of the human breast cancer and non-tumorigenic human mammary cell lines used in this study were from the American Type Culture Collection (ATCC) and cultured as recommended.
MicroRNA Microarrays-The miRNA microarray was performed by ChipScreen Bio-tech (Shenzhen, China). Basically, the miRNAs were extracted from MCF-7 MUT and MCF-7 hGH cells using the mirVana TM miRNA isolation kit (Ambion). miRNA (2 g) was ligated to a monoreactive Cy3 dye (Amersham Biosciences) using a mirVana TM miRNA labeling kit (Ambion Inc.) overnight at 4°C, followed by ethanol precipitation. After overnight hybridization at 37°C of labeled RNA on NCode human miRNA microarray V3 (Invitrogen, MIRAH305) and extensive washing, slides were scanned using a LuxScan TM 10K (CapitalBio, Ltd.) array scanner, where the photomultiplier settings were automatically adjusted. Microarray images were analyzed using GenePix Pro version 6.0 (Axon, Ltd.). Data were normalized by global average normalization.
All flagged spot or background-subtracted spot intensities whose values were below 1000 were removed from the analysis. The miRNA expression were considered as significantly different between the two conditions when the -fold changes of normalized medians were Ն2 or Յ0.5 and p value was Ͻ0.05 according to Student's t test. The GEO accession number for microarray analyses is GSE58845. miRNAs, siRNAs, Plasmid Constructs, and Transfections-miRNA mimics, 2Ј-O-methylated antisense oligonucleotide (ASO), siRNA targeting BRMS1L, STAT3, and STAT5 mRNA, and their cognate control RNAs were purchased from Genepharma (Shanghai, China). The RNA was transfected using Lipofectamine 2000 (Invitrogen), following the manufacturer's instructions. For the miRNA redundant assay, we inserted perfectly complementary sequences against each miRNA as well as scrambled sequences into psiCHECK2 (Promega), fused to the 3Ј-UTR of Renilla luciferase. For the miRNA-expressing stable cell line, a DNA fragment about 300 bp upstream and downstream around the miRNA locus was cloned into pBabe-puro retroviral vector to generate the pri-miR-96-183 and pri-miR-182 plasmids. pCMV-BRMS1L plasmid was purchased from Origene. pcDNA3.1-G120R was cloned by substitution of glycine 120 with an arginine in the human GH gene. For miRNA target report assays, the 3Ј-UTR sequences of BRMS1L, GHR, and miRNA binding sites were amplified from the genomic DNA and subcloned into the psiCHECK2 (Promega). For the miRNA promoter assay, a 2000-bp DNA fragment containing STAT3 and STAT5 binding sites upstream from the miR-96-182-183 precursor was cloned into pGL3-Basic plasmid (Promega). All of the mutant constructs were generated using the QuikChange II XL site-directed mutagenesis kit (Stratagene) and confirmed by sequencing. The plasmid transfection was performed following the manufacturer's instructions using Effectene (Qiagen). RNA oligonucleotide and plasmid co-transfection were performed using Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection, cells were plated for a functional assay or harvested for RNA and protein analyses.
Cell Function Assays-All functional assays, such as total cell number count, soft agar colony formation assay, two-dimensional or three-dimensional Matrigel assay, and in vitro cell motility (migration, invasion, and wound healing) assays, were carried out as described (12) . Colony scattering assays were performed as reported previously (13) . All of the images were taken using a phase microscope (Olympus, Tokyo, Japan).
Retrovirus Production and Transduction-The pBabe miRNAexpressed and pBabe control viruses were generated by transfection of pBabe constructs together with the gag/pol and VSV-G plasmids into HEK-293T cells using Effectene (Qiagen). The virus particles were harvested at 48 and 72 h later and filtered by a 0.45-m filter unit (Millipore). MCF7 cells were infected with recombinant retrovirus-transducing units in the presence of 8 g/ml Polybrene (Sigma) and then selected with 1 g/ml puromycin.
Tumor Xenograft in Nude Mice-All animal studies were approved by the Institutional Animal Care and Use Committee, University of Science and Technology of China (USTCA-CUC1301019). MCF7-pBabe, MCF7 pri-miR-182, and MCF7 pri-miR-96-183 cells were resuspended in a 1:1 solution of PBS and Matrigel (BD Biosciences), and 5 ϫ 10 6 cells were orthotopically injected into the mammary fat pad or 1.5 ϫ 10 6 cells were injected into the tail vein of 3-4-week-old female BALB/c nude mice (Hunan Slaccas Co.) as described (4) . For MDA-MB-435s cells, 2 ϫ 10 6 cells (1:1 solution of PBS and Matrigel) were injected into the mammary fat pad of mice for the orthotopic injection model, or 1 ϫ 10 6 cells were injected directly into the lateral tail vein of 6-week-old female BALB/c nude mice. Tumor growth was analyzed by measuring tumor length (L) and width (W) and calculating tumor volume based on the formula, volume (mm 3 ) ϭ L ϫ W 2 ϫ ͟/6. After 8 weeks (MCF7 cells) or 6 weeks (MDA-MB-435s cells), mice were euthanized, and lungs and livers were surgically dissected for histology. Histological analysis with hematoxylin and eosin (H&E) was carried out as described (12) .
Immunofluorescence Staining and Confocal Microscopy-For immunofluorescence, cells were seeded on coverslips and fixed with 4% paraformaldehyde/PBS for 30 min at room temperature. After a 5-min permeabilization with 0.1% Triton X-100, cells were blocked with 1% BSA for 1-2 h and incubated with rhodamine phalloidin (20 g/ml; Molecular Probes) or primary antibodies including GHR and BRMS1L overnight at 4°C. Then secondary antibodies conjugated with 488 or 647 Alexa dye were applied, and DAPI was used for nuclear staining. Slides were mounted with Slow Fade (Invitrogen), and images were taken using confocal microscopy (Zeiss).
Luciferase Reporter Assay-Cells (5 ϫ 10 4 /well) were seeded at about 60% confluence in 24-well plates. For the miRNA target reporter assay, cells were cotransfected with 0.2 g of psi-CHECK-2 vectors and either 20 pmol of miRNA mimics or negative control using Lipofectamine 2000. For the STAT3and STAT5-mediated miRNA expression, 0.2 g of pGL3 Basic luciferase reporters plus 20 pmol of STAT3 or STAT5 siRNAs were transfected into cells using Lipofectamine 2000. pRL-TK plasmid was provided as an internal transfection control. The total cell lysates were harvested 48 h after transfection, and the firefly and Renilla luciferase activities were measured using the Dual-Luciferase reporter assay system (Promega) according to the manufacturer's instructions.
ChIP Assay-Chromatin immunoprecipitation was performed using the EZ ChIP kit (Upstate Biotechnology, Inc., Lake Placid, NY) and carried out following the manufacturer's instructions. The DNA fragments containing a STAT3 or STAT5 binding site upstream of the miR-96-182-183 promoter were measured by quantitative RT-PCR (qRT-PCR).
RNA Isolation, miRNA Array, and qRT-PCR Analysis; Protein Analysis-Total RNA from MCF-7-MUT and MCF-7-hGH cells was prepared using TRIzol (Invitrogen). The miRNA and mRNA were extracted from culture cells and clinical samples using the mirVana miRNA isolation kit (Ambion). RNA was then converted to cDNA using the RevertAid first strand cDNA synthesis kit (Thermo Scientific). The SYBR Premix Ex Taq kit (Takara) was used to determine the expression levels using GAPDH or U6 snRNA as a control. All of the proteins were prepared by modified radioimmune precipitation lysis buffer. Western blot analysis was carried out as described previously with ␤-ACTIN as input control (14) .
Patients and Specimens-The tissue population consisted of 49 consecutive invasive mammary ductal carcinoma and 27 consecutive normal mammary tissues from the First Affiliated Hospital of Anhui Medical University (Hefei, Anhui, China) between 2009 and 2010. The histopathological diagnosis of the specimens was consistent with breast neoplasia in accordance with World Health Organization guidelines (15) . Histology grade was analyzed based on the Scarff-Bloom-Richardson system (16) . This study was approved by the Institutional Review Board with informed consent of involved patients. The study procedures followed the ethical standards of the responsible committee on human experimentation and with the Helsinki Declaration of 1975, as revised in 2008.
In Situ Hybridization and Immunohistochemistry (IHC) in Formalin-fixed Paraffin-embedded Tissues-In situ hybridization was performed as described previously to show expression of miRNA in normal mammary tissues and breast cancer specimens (14) . IHC was carried out as described (17) .
Reagents-Media, sera, and antibiotics were from Gibco. Protein electrophoresis reagents were from Bio-Rad. 5Ј-Digoxigenin-labeled miRCURY LNA TM (locked nucleic acid) detection probes for miRNA were from Exiqon (Woburn, MA).
Statistical Analysis-The quantification of Western blot, Immunofluorescence, and immunochemistry were performed on at least three biological replicates using ImageJ. The 2 test was performed to analyze the correlation between the expression levels of miRNA and BRMS1L and breast cancer patients' clinicopathologic parameters. All experiments were repeated 2-3 times. All numerical data are presented as mean Ϯ S.E. from a representative experiment performed in triplicate, and statistical analyses were assessed by Student's t test. p Ͻ 0.05 was considered as significant.
Results
Identification of miR-96-182-183 Cluster as Autocrine hGHstimulated miRNAs-To determine specific miRNA expression patterns regulated by autocrine hGH in breast cancer cells, we utilized a well characterized cellular model of autocrine hGH expression (18): MCF-7-hGH cells, which stably synthesize and secrete hGH, and MCF-7-MUT cells, which stably express the hGH gene but with the start codon disabled. We verified hGH protein expression in MCF-7-hGH cells by Western blot analysis, whereas no hGH protein was detectable in MCF-7-MUT cells, as described previously (18) (Fig. 1A) . We performed microarray profiling by use of this cell model and identified a set of autocrine hGH-regulated miRNAs (Fig. 1, A and B) . qRT-PCR of the relative expression levels of four miRNAs (miR-151-5p, miR-342-3p, miR-142-5p, and miR-155) in these two cell lines was performed to verify the microarray data (Fig. 1C ). Among these autocrine hGH-regulated miRNAs, we focused on the miR-96-182-183 cluster, which resides within the intergenic region on human chromosome 7q32.2 (Fig. 1C ) and has been reported to be processed from a common primary transcript in mice (19) . The qRT-PCR data confirmed that miR-96, miR-182, and miR-183 are all highly expressed in MCF-7 hGH cells compared with the cognate control cells, suggesting that they might be regulated and play critical roles in autocrine hGH-mediated functional effects as a group (Fig. 1D ). To assess the roles of the miR-96-182-183 cluster in breast cancer cells, we initially executed a preliminary screen for miR-96-182-183 cluster expression by qRT-PCR in three immortalized but otherwise normal human mammary epithelial cells. Five non-metastatic, and eight metastatic breast cancer cell lines. Interestingly, we observed high expression levels of these miRNAs in seven metastatic cell lines ( Fig. 1E ). Additionally, we observed a strong correlation among the expression levels of miR-96, miR-182, and miR-183 (Pearson coefficient Ͼ0.80), further confirming that they function as a cluster. Based on their expression pattern, we chose the non-metastatic MCF-7 and T47D cell lines and metastatic MDA-MB-435s and MDA-MB-468 cell lines for further investigation.
To examine whether the miR-96-182-183 cluster is functionally active in tumor cell lines, we generated luciferase reporter constructs containing perfectly complementary sequences of each miRNA as well as scrambled sequences fused to the 3Ј-UTR of luciferase. We detected a 20 -40% reduction of luciferase activity in MCF-7 cells and a 40 -80% decrease in MDA-MB-435s cells, whereas scrambled construct showed luciferase activity similar to that of the empty vector. Collectively, these data indicated that the miR-96-182-183 cluster is expressed and may possess an active role in breast cancer progression.
miR-96-182-183 Cluster Promotes Breast Cancer Cell Migration, Invasion, and EMT in Vitro-Given that the miR-96-182-183 cluster is highly expressed in metastatic breast cancer cells, we next determined the functional role of miR-96-182-183 in breast cancer cell motility through manipulation of their expression levels by transfection of either synthetic miRNA mimics or ASO. We observed that forced expression of miR-96, miR-182, or miR-183 in MCF-7 cells exerted no appreciable effect on cell proliferation or colony formation in soft agar (Fig.  2, A and B ) but increased the number and size of colonies as assayed in two-and three-dimensional Matrigel culture ( Fig.  2C , a-h). Moreover, MCF-7 cells transfected with miRNA mimics exhibited a spindle-like and a scattered, elongated, and mesenchymal cellular phenotype in two-dimensional culture compared with the typical epithelial-like control cells ( Fig. 2C , i-p). Further, transient expression of each miRNA in MCF-7 cells resulted in a more rapid wound closing ( Fig. 2D ) and a significant increase in cell migration and invasion compared with the control cells ( Fig. 2E ). Finally, in colony-scattering assays, we observed a 2-fold higher proportion of scattered cells and a 2-fold lower proportion of compact cell colonies in MCF-7 cells with forced expression of each miRNA in comparison ( Fig. 2F) .
Conversely, depletion of miR-96, miR-182, or miR-183 in highly invasive MDA-MB-435s cells by transfection of specific ASO remarkably reduced colony numbers and sizes in two-and three-dimensional culture on Matrigel (Fig. 3C , a-h) and produced a "cobblestone-like" epithelial cellular morphology compared with control cells (Fig. 3C , i-p). Further, miRNA depletion in MDA-MB-435s cells led to a retarded wound closure ( Fig. 3D ) and a significant reduction in cell migration and invasion compared with control cells (Fig. 3E ). In colony scattering assays, we observed a higher percentage of compact cell colonies and a lower proportion of scattered cells with miRNA depletion in MDA-MB-435s cells (Fig. 3F) . Similarly, this reduction in cell migration and invasion was not due to impairment of cell viability (Fig. 3, A and B) .
Accumulated evidence indicates that promotion of EMT, in which epithelial cells lose cell-cell contacts and exhibit cytoskeletal remodeling and changes in cell polarity, endows cells with mesenchymal morphology and increases cancer cell invasion and metastasis (20) . To evaluate whether miR-96-182-183 modulates EMT, we examined the expression of epithelial and mesenchymal markers by Western blot. MCF-7 or T47D cells transfected with miRNA mimics expressed lower levels of the epithelial markers (E-cadherin and plakoglobin; although miR-182 mimics did not alter expression of E-cadherin in MCF-7 cells) and higher levels of the mesenchymal markers (FN1 and vimentin) ( Fig. 2, G and H) . Conversely, MDA-MB-435s or MDA-MB-468 cells transfected with miRNA ASO exhibited higher levels of epithelial markers (plakoglobin in MDA-MB-435s; E-cadherin and plakoglobin in MDA-MB-468) and lower levels of mesenchymal markers (FN1 and vimentin) ( Fig. 3 , G and H). Together, these results suggest that forced expression of the miR-96-182-183 cluster is sufficient to promote EMT, migration, and invasion of breast cancer cells in vitro.
miR-96-182-183 Cluster Initiates Tumor Invasion in Vivo-We next asked whether the miR-96-182-183 cluster could initiate invasion and metastasis of otherwise non-metastatic MCF-7 cells in vivo. We therefore constructed two retroviral vectors harboring pri-miR-96-183 and pri-miR-182 and introduced them into MCF-7 cells to produce two stable cell lines, respectively. We further confirmed elevated miR-96/miR-183 expression in MCF-7 pri-miR-96-183 cells and miR-182 expression in MCF-7 pri-miR-182 cells, respectively ( Fig. 4A ).
Cancer cell metastasis is a process during which cancer cells invade neighboring tissue, disseminate via the circulatory system, and finally grow from micrometastases into larger secondary tumors (21) . To evaluate whether the miR-96-182-183 cluster affected tumor invasion, we orthotopically injected 5 ϫ 10 6 MCF-7-pri-miR-96-183, MCF-7-pri-miR-182, or pBabe control cells into the mammary fat pads of nude mice. At 3.5 weeks postimplantation, we observed a mild increase in the volume of tumors generated by pri-miR-96-183 and pri-miR-182 cells (Fig. 4B ). The control tumors were strictly noninvasive, sur- rounded with well delineated fibrotic capsules (Fig. 4C, a, d, and  g) . In stark contrast, tumors generated by pri-miR-96-183 or pri-miR-182 cells displayed a massive desmoplastic reaction, with a poorly encapsulated and highly invasive phenotype, including local infiltration into muscle (Fig. 4C, b and c) , as well as tumor emboli in blood (Fig. 4C , e and f) and lymph vessels (Fig. 4C, h and i) . Moreover, pulmonary metastases were easily detectable in the lungs of host mice injected with pri-miR-96-183 or pri-miR-182 cells (Fig. 4, C (k and l) and D), whereas no metastases were detected in mice injected with control cells (Fig. 4C, j) . Additionally, we observed that tumors derived from the pri-miR-96-183 and pri-miR-182 groups expressed lower amounts of epithelial markers (E-cadherin and plakoglobin) and higher amounts of mesenchymal markers (FN1 and vimentin) by Western blot (Fig. 4E ) compared with control groups.
We also utilized xenograft models by injection of MDA-MB-435s cells with ASO, orthotopically in the mammary fat pad or directly into the lateral tail vein of nude mice. We observed a significant decline in the expression of miR-96, miR-182, and miR-183 in MDA-MB-435s ASO cells compared with MDA-MB-435s NC cells (Fig. 5A ). We next orthotopically injected 2 ϫ 10 6 MDA-MB-435s ASO or NC cells into the mammary fat pads and found a slight decrease in the volume of tumors generated by MDA-MB-435s ASO cells at 4 weeks postimplantation ( Fig. 5B) . Moreover, we observed local infiltration into muscle (Fig. 5C, a) , tumor emboli in blood and lymph vessels (Fig. 5C, c) , and metastasis loci in both lungs (Fig. 5C, e) and livers ( Fig. 5C, g) of mice injected with MDA-MB-435s NC cells, whereas none of the above were observed in mice with MDA-MB-435s ASO cells ( Fig. 5C, b, d, f, and i) . Hence, these results suggest that the miR-96-182-183 cluster initiated invasion of non-metastatic breast cancer cells in vivo.
miR-96-182-183 Cluster Initiates Distant Metastasis in Vivo-We further evaluated whether expression of the miR-96-182-183 cluster would impact distant tumor metastasis. To this end, 1.5 ϫ 10 6 MCF-7 pri-miR-96-183, pri-miR-182, or control cells were directly injected into the circulation of mice, which circumvents the initial steps of local invasion and intravasation (22) . Mice injected with MCF-7 pri-miR-96-183 or pri-miR-182 cells via the tail vein started to die 4 weeks postinjection, with a median survival of 5.25 or 6.25 weeks, respectively, whereas mice injected with control cells exhibited a median survival of over 10 weeks (Fig. 4F) . To determine the cause of death, we autopsied the mice and observed multiple tumor emboli in both lungs and livers of mice injected with MCF-7pri-miR-96-183 (8 of 8 in lung; 5 of 8 in liver) or MCF-7-pri-miR-182 cells (8 of 8 in lung; 4 of 8 in liver), whereas no metas-tases were observed in mice (0 of 8 in lung or liver) injected with control cells (Fig. 4, G and H) . Conversely, we injected 1 ϫ 10 6 MDA-MB-435s NC or ASO cells into the tail vein of mice. We observed fewer tumor emboli in both lungs and livers of mice injected with MDA-MB-435s ASO cells 6 weeks post-tail vein injection, compared with mice injected with MDA-MB-435s NC cells (Fig. 5, D and E) . These observations demonstrate that miR-96-182-183 cluster expression drives distant tumor metastasis in breast cancer cells that are otherwise non-metastatic, thereby functioning as a cluster of potently pro-metastatic miRNAs.
BRMS1L Is a Direct and Common Target of miR-96-182-183 Cluster-Given the demonstrated roles of the miR-96-182-183 cluster in breast cancer invasion and metastasis, we next assessed the underlying mechanism whereby this miRNA cluster exerts pro-metastatic properties. We employed three algorithms (MiRanda (23), Pictar (24) , and TargetScan (7)) to screen for the potential downstream targets. 217, 215, and 87 genes were predicted to be targets of miR-96, miR-182, and miR-183, respectively, and we identified the common targets predicted by all three programs (Fig. 6A ). To further define the putative downstream effectors, we next screened the mRNA expression levels of several genes known to be involved in cancer invasion and metastasis (25) by qRT-PCR in MCF-7 cells transfected with miR-96, miR-182, miR-183 mimics, or control. As shown in the heat map, several key genes (ZEB genes, MMP genes, CDH1, JUP, FN1, and VIM) that are involved in EMT, cancer invasion, and metastasis were modulated by the miR-96-182-183 cluster (Fig. 6B) . By a combination of these two strategies, two genes attracted our attention: BRMS1L and GHR. BRMS1L possesses 79% homology in amino acid sequence to BRMS1 (breast cancer metastasis suppressor) (26) , which is often deleted in breast cancer patients and suppresses metastasis, but not tumorigenicity, of melanoma and breast cancer cells (27, 28) .
We next determined whether BRMS1L is a direct target of the miR-96-182-183 cluster. The 3Ј-UTR of BRMS1L mRNA contains one element that is partially complementary to miR-183 and the other site that matches both miR-96 and miR-182 ( Fig. 6C ). We therefore cloned the wild type or mutant of BRMS1L 3Ј-UTR, which deleted the complementary sequences and hence cannot be recognized by cognate miRNAs, into the luciferase reporter plasmid psi-CHECK2 and transfected these constructs with miRNA mimics into MCF-7 cells. We observed that all three miRNAs significantly repressed the relative luciferase activities, whereas the mutated 3Ј-UTR abrogated the repression (Fig. 6C ). Furthermore, we measured the effects of 
. miR-96-182-183 cluster depletion inhibits MDA-MB-435s cell migration, invasion and EMT in vitro.
A, total cell number assays. 5 ϫ 10 3 MDA-MB-435s cells transfected with miRNA ASO were seeded with 10% FBS and counted after 5 days. B, soft agar assay. 5 ϫ 10 3 MDA-MB-435s cells transfected with miRNA ASO were seeded in 0.35% agarose. Colonies were counted after incubation for 14 days. C, miR-96-182-183 ASO alters MDA-MB-435s cell morphology. a-d, morphogenesis after cell growth in two-dimensional Matrigel for 5 days was observed under a phase-contrast microscope. e-h, morphogenesis after cell growth in three-dimensional Matrigel for 7 days was observed. i-l, monolayer adherent morphology of MDA-MB-435s cells with depleted expression of miR-96-182-183 under light field. m-p, rhodamine phalloidin staining of F-actin cytoskeleton of cells on monolayer culture were visualized by confocal microscopy. Images were taken at ϫ200 magnification for a-l and at ϫ400 magnification for m-p. D, wound-healing assay of MDA-MB-435s cells transfected with miRNA ASO or scrambled oligonucleotides. Images were taken at ϫ100 magnification. E, transwell migration assay and Matrigel invasion assay of MDA-MB-435s cells transfected with miRNA ASO or scrambled sequences. these miRNAs on BRMS1L expression. Forced expression of each miRNA markedly inhibited BRMS1L at both mRNA ( Fig.  6B ) and protein levels (Fig. 6, D and E) . We next detected BRMS1L expression by Western blot in 16 normal human mammary epithelial cell and breast cancer cell lines. Consistently, we observed higher expression in three normal human mammary epithelial cells and five non-metastatic cell lines, whereas lower BRMS1L expression was observed in eight metastatic cell lines (p ϭ 0.002), negatively correlated with expression of mi-96-182-183 ( Figs. 1E and 6F) . Collectively, BRMS1L is a bona fide and common target of the miR-96-182-183 cluster.
BRMS1L Regulates EMT by Repressing ZEB1 and E47-We next attempted to determine the mechanism whereby BRMS1L regulates the EMT process. Previous studies have reported that EMT could be induced by several zinc finger proteins, including the SNAIL (SNAIL, SLUG, and SMUC), ZEB (ZEB1 and ZEB2), and bHLH (E47 and TWIST1) families (20) . We screened the expression levels of these proteins in MCF-7 cells transfected with miR-96, miR-182, or miR-183 mimics or control. Among those genes, ZEB1 and E47 were significantly up-regulated with overexpression of the miR-96-182-183 cluster in MCF-7 cells (Fig. 6D) . Moreover, ZEB1 and E47 were down-regulated after forced expression of BRMS1L (Fig. 6G ), suggesting that BRMS1L suppresses EMT via ZEB1 and E47. We further asked whether BRMS1L was required for miR-96-182-183-mediated EMT, migration, and invasion of breast cancer cells. Forced expression of BRMS1L in MCF-7 cells could rescue decreased expression of epithelial markers (E-cadherin and plakoglobin) and elevated expression of ZEB1, E47, and mesenchymal markers (FN1 and vimentin) consequent to forced expression of miR-96-182-183 ( Fig. 6G) . Moreover, forced expression of BRMS1L reduced the enhanced migration and invasion of MCF-7 cells consequent to expression of miR-96-182-183 ( Fig. 6H) . Overall, BRMS1L appears to be a critical mediator for miR-96-182-183 cluster-mediated EMT, migration, and invasion of breast cancer cells via repression of ZEB1 and E47. or ASO cells injected orthotopically in the fat pad of nude mice. C, H&E staining of tumors, lungs, and livers isolated from mice orthotopically injected with MDA-MB-435s NC or ASO cells. Magnification was ϫ200. D, H&E-stained sections of lungs and livers isolated from mice that received tail vein injection at week 6. Magnification was ϫ200 for lungs and ϫ400 for livers. E, incidence of lung and liver metastasis in mice with tail vein injection. The 2 test was used to analyze the correlation between parameters of different groups. *, p Ͻ 0.05; **, p Ͻ 0.01 (Student's t test). Error bars, S.E. MAY 29, 2015 • VOLUME 290 • NUMBER 22
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GHR Is Another Direct Target of miR-96 and miR-182-GHR is a member of the type I cytokine receptor superfamily and functions as a transmembrane receptor for GH. Upon binding of GH, GHR activates intracellular signaling pathways, modulating cell growth and survival (29) . It has been reported that the effects of autocrine hGH on human breast cancer cell behavior are mediated via the GHR (30) or GHR-prolactin receptor heterodimers (31) . Interestingly, we identified an element complementary to miR-96 and miR-182 in the GHR 3Ј-UTR (Fig. 7A ). We therefore determined whether GHR could be another direct target of the miR-96-182-183 cluster. We observed that only miR-96 and miR-182, but not miR-183, inhibited the relative luciferase activities of wild type GHR 3Ј-UTR, whereas mutation of the miRNA binding site abrogated the inhibition (Fig. 7A) . Further, we observed that forced expression of miR-96 or miR-182, but not miR-183, could repress GHR expression (Fig. 7, B and D) in MCF-7 cells, whereas miR-96 or miR-182 depletion increased GHR expression in MDA-MB-435s cells (Fig. 7, C and E) . To further ascertain whether miR-96 or miR-182 targets GHR in vivo, we performed IHC and observed that GHR expression levels were significantly lower in tumors derived from MCF-7 pri-miR-96-183 and pri-miR-182 cells compared with tumors from control cells (Fig. 7F) . Thus, GHR is another direct target of miR-96 and miR-182.
We next determined whether the increased expression of miR-96-182-183 cluster by autocrine hGH is mediated via interaction with GHR. hGH-G120R is a mutant form of human GH with substitution of glycine 120 with an arginine and is widely used as GH antagonist by preventing GHR dimerization (32) . Transfection of MCF-7 hGH cells with hGH G120R expression vector resulted in dramatically reduced expression of the miR-96-182-183 cluster (Fig. 7G) , indicating that hGH stimulates miR-96-182-183 cluster expression via the GHR. Thus, a negative feedback loop exists within the hGH-GHR-miR-96-182-183 cluster axis.
To examine whether the effects of autocrine hGH on breast cancer cell EMT and invasion are mediated by the miR-96-182-183 cluster, we further transfected miR-96-182-183 ASO mix into MCF-7 hGH and MUT cells. Consistent with our previous finding that hGH could reduce plakoglobin expression (6), we observed that hGH promoted EMT, migration, and invasion of MCF-7 cells via increased expression of miR-96-182-183, ZEB1, and E47 as well as BRMS1L depletion (Fig. 7, H and I) .
Collectively, these observations indicate that autocrine hGH promotes EMT and invasive behavior of breast cancer cells via a GHR-miR-96-182-183 cluster-BRMS1L-ZEB1/E47 axis.
Autocrine hGH Stimulates miR-96-182-183 Cluster Expression via STAT3 and STAT5-We next determined which pathways mediate autocrine hGH-stimulated miR-96 -182-183 cluster expression. It has been reported that GH activation of the GHR stimulates several signaling pathways important for cell growth and survival, including the JAK2/STAT, c-Src/ p44/42 MAPK, and PI3K/AKT pathways (33) . rVista version 2.0 was employed to screen potential conserved transcription factor binding sites in the 5 kb region upstream of miR-96-182-183 precursor (34) . Interestingly, we identified two conserved STAT3 binding motifs and one conserved STAT5 binding site upstream of the transcription start site (ϩ1) of the human miR-183 stem-loop ( Fig. 8A ). As expected (35) , we observed higher phospho-STAT3 and phospho-STAT5 levels in MCF-7 hGH cells compared with MCF-7 MUT cells (Fig. 8C) . We next performed ChIP analysis to validate whether STAT signaling controls miR-96-182-183 expression by binding to these putative sites. The ChIP assay revealed that, upon autocrine hGH stimulation, STAT3 and STAT5 directly binds to the promoter region of miR-96-182-183 cluster (Fig. 8B) . Further, we constructed a 2-kb fragment upstream of the miRNA cluster precursor subcloned into pGL3 luciferase reporter plasmid. We observed that the relative luciferase activity increased 8-fold upon autocrine hGH stimulation, whereas depletion of STAT3 or STAT5 by use of specific STAT3 or STAT5 siRNA (Fig. 8C ) significantly abolished the increase (Fig. 8D) . Additionally, depletion of STAT3 or STAT5 markedly abrogated the autocrine hGH-stimulated increased expression of miR-96-182-183 cluster and mesenchymal markers (FN1 and vimentin) as well as diminished expression of BRMS1L and epithelial markers (E-cadherin and plakoglobin) ( Fig. 8, E and F) . Overall, these findings indicate that autocrine hGH modulates miR-96-182-183 expression via the STAT3 and STAT5 signaling pathways.
miR-96-182-183 Cluster Expression Is Elevated in Metastatic Breast Tumors-To determine whether miR-96-182-183 expression correlates with clinical outcome in breast cancer patients, we initially examined their expression levels by qRT-PCR in archived breast tissue specimens from patients with benign breast diseases (normal, n ϭ 27), primary non-metastatic tumors (metastasis-free, n ϭ 28) and aggressive metastatic tumors (metastatic, n ϭ 21). Compared with normal tissue, we observed significantly higher levels of miR-96-182-183 and lower levels of BRMS1L in samples from patients with primary breast tumors (Fig. 9, A and B, and Table 1 ). Significantly increased levels of miR-96-182-183 and lower levels of BRMS1L were observed in tumors from the patients with lymph node metastases compared with the tumors from patients without metastases (Fig. 9, A and B, and Table 2 ).
To further confirm that miR-96-182-183 cluster expression is elevated in metastatic breast tumors, we utilized in situ hybridization to detect the abundance of the three miRNAs as well as IHC to examine the protein levels of hGH, GHR, and BRMS1L in fresh benign breast tissues, primary non-metastatic tumors, and metastatic tumors. Consistent with our previous report (11, 36, 37) , higher expression levels of hGH and GHR were observed in metastatic tumors compared with normal tis- sues and non-metastatic tumors (Fig. 9, C and D) . Concordantly, we also found metastatic tumors possess the highest expression levels of the miR-96-182-183 cluster and the lowest levels of BRMS1L ( Fig. 9, C and D) . Together, these data indicate that miR-96-182-183 cluster expression is maximally elevated in metastatic breast tumors along with the increased expression of autocrine hGH.
Discussion
Female mammary gland development commences in the embryonic period and sequentially proceeds through puberty, pregnancy, lactation, and involution (38) . During these different stages, mammary gland development is precisely controlled by a variety of endocrine and paracrine signals, such as estrogen, GH, progesterone, and prolactin (9) . In addition to being secreted from the anterior pituitary gland, GH is also secreted by the mammary gland in an autocrine/paracrine manner and thereby plays critical roles in mammary gland development and differentiation (2, 3) . Increased expression of autocrine GH has been demonstrated to be implicated in breast cancer initiation and progression through IGF-1-dependent or -independent pathways. Although the GH/IGF-1 axis has emerged as an important mediator of tumor development and progression (39) , we and other groups showed that in an IGF-1-independent context, autocrine GH expression enhances breast cancer cell proliferation, transformation, survival, and angiogenesis both in vitro and in vivo by up-regulation of an array of oncogenes, including hTERT, MMP genes, VEGF, HOXA1, and TFF3 (35, 41) . However, the underlying mechanism of how hGH regulates EMT and invasion remains largely obscure.
In this study, we screened and profiled autocrine hGH-stimulated miRNA expression patterns and observed nine up-regulated and 24 down-regulated miRNAs. Several of these miRNAs have been well documented in other studies. For example, miR-151-5p has been validated to be frequently amplified and promote invasion and metastasis in hepatocellular carcinoma (42) and breast cancer (43) . Conversely, miR-20b was reported to modulate HIF-1 and VEGF expression in breast cancer, and miR-137 is down-regulated in colorectal cancer and suppresses cell invasion and metastasis, suggesting their tumor suppressor functions (44, 45) . The miR-96-182-183 cluster has been reported to modulate cancer invasion and metastasis in liver cancer (46) , melanoma (47) , prostate cancer (48) , and breast cancer (49) . Hundreds of putative targets of this cluster were identified by bioinformatics analysis (Fig. 6A ). We utilized both in silico analysis and mRNA expression screening to identify a novel target, BRMS1L, which was further verified to be simultaneously targeted by all three miRNAs in this cluster and serve as a downstream effector to mediate autocrine hGH-promoted EMT and invasion of breast cancer cells. BRMS1L is a member of the same family as mSds3 and BRMS1, which share a conserved Sds3-like domain (26) . BRMS1 is frequently deleted in breast cancer patients and is known to inhibit metastasis but not the growth of melanoma and breast cancer cells (27) . However, the role of BRMS1L remains largely unknown. BRMS1L is a component of the mSin3a family of histone deacetylase complexes, which promotes histone deacetylation and nucleosome remodeling, leading to transcriptional silencing (50) . Multiple components of SIN3 complexes possess suppressor roles in cancer, and a recent study reported that BRMS1L suppressed metastasis in non-small cell lung cancer cells (51) . We demonstrated herein that BRMS1L could repress invasion and EMT in breast cancer cells via repression of ZEB1 and E47.
We also identified GHR to be another direct target of miR-96 and miR-182. It has been reported that the functions of autocrine hGH on human breast cancer cells are mediated via the GHR (30) or GHR-prolactin receptor heterodimers (31) . hGH binds to both GHR and prolactin receptor in humans and promotes GHR-GHR or GHR-prolactin receptor conformational changes to activate the downstream oncogenic signaling pathways (31) . Interestingly, we found that after induction by autocrine hGH, miR-96 and miR-182 could target GHR and thereby introduce a negative feedback loop in the hGH-GHR-miR-96-182-183 axis.
JAK2/STATs are among the major signaling pathways activated by hGH, and STAT proteins could regulate cell growth, differentiation, migration, and survival in multiple cell types (33) . We have reported that STAT3 mediates the oncogenic effects of autocrine hGH, including proliferation, migration, and invasion, in endometrial carcinoma cells (52) . Although there are some controversies about the roles of STAT5 in cancer initiation and progression (53) (54) (55) (56) , our results suggested that there are two STAT3 binding sites and one STAT5 binding site in the promoter region of the miR-96-182-183 cluster and that depletion of either STAT3 or STAT5 decreased miRNA cluster expression and inhibited the EMT process, which is consistent with our previous reports that both STAT3 and STAT5 are activated in response to autocrine hGH (13, 52) . Determination of the precise role of STAT5 in human breast cancer progression requires significant further study. We had previously reported that autocrine hGH stimulated epithelial to mesenchymal transition and invasion of mammary carcinoma cells through repression of plakoglobin and relocalization of E-cadherin without alteration in E-cadherin expression (6, 40) . However, in the present study, we now observe autocrine hGH repression of E-cadherin, albeit slight. It is possible that the later passages of the stable cell lines used in this study have phenotypically evolved, perhaps epigenetically, such that E-cadherin expression is now regulated by autocrine hGH (40) .
In any case, autocrine hGH expression in mammary carcinoma cells resulted in disruption of the adherent junctions in both studies with resultant EMT and cell invasion.
In summary, in this study, we have reported that autocrine hGH regulates specific miRNA expression and have further examined the functional roles and underlying mechanism of miR-96-182-183 in promoting breast cancer EMT and invasion. We have elucidated a novel hGH-GHR-STAT3/STAT5-miR-96-182-183/BRMS1L-ZEB1/E47-EMT-invasion axis (Fig.  9E) , which sheds new light on the mechanism of autocrine hGH Stimulates miR-96-182-183 Cluster in Breast Cancer FIGURE 9 . miR-96-182-183 cluster expression is elevated in metastatic breast tumors. A, heat map shows the expression profile of miRNAs and BRMS1L by qRT-PCR. B, expression of miRNAs and BRMS1L was detected by qRT-PCR in benign and malignant breast tissues. C, expression of miRNAs was examined by in situ hybridization, and expression of hGH, GHR, and BRMS1L was detected by IHC in formalin-fixed paraffin-embedded breast cancer specimens and normal mammary specimens. Magnification was ϫ400. D, quantification of miRNAs and hGH, GHR, and BRMS1L levels in formalin-fixed paraffin-embedded breast cancer specimens and normal mammary specimens. The values represent the average percentage of DAB-positive cells. E, schematic representation reveals the signaling pathway of the miR-96-182-183 cluster involved in regulation of breast cancer EMT and invasion. n.s., not significant; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 (Student's t test). Error bars, S.E. hGH-stimulated EMT and invasion of breast cancer cells. Our findings suggest that autocrine hGH and the miR-96-182-183 cluster might be exploited as prognostic markers or therapy targets for breast cancer. 
